Ironing
Introduction
In conventional deep drawing, the drawn cups will have thicker walls at its rim than at its base if the clearance is larger than sheet thickness. The process is used for various industrial applications including manufacturing of beverage can, air filter, etc. Ironing is a process in which the wall thickness of a drawn cup is made uniform by the pushing of the cup through reduced clearance or ironing rings [1] . Further, residual stresses are induced during deep drawing affecting fatigue strength of the part, promoting stress crack corrosion, or resulting in dimensional changes after the machining of the formed parts. Ironing can be used to reduce the residual stresses in deep drawn cups apart from imparting improved geometrical accuracy [2] . In a deep drawn cup tensile stresses are formed over the outer surface and compressive stresses on the inner surface. Ironing gives characteristic distribution of residual stresses along the cup wall outer surface [1] . Increasing the extent of ironing induces the compressive axial residual stresses over the entire wall outer surface which neutralizes the tensile residual stresses [3] . A FEM simulation of the ironing of a deep drawn cup has shown that residual stresses after ironing are reduced by 50-65% [4] . A large number of automobile components are manufactured by deep drawing followed by redrawing and ironing stages, e.g. the drum clutch is usually formed in 9 redrawing and 3 ironing stages [5] . A method of reducing these numbers of stages during forming and also to improve formability of material is warm forming. Parsa et al. [6] carried out rigid-plastic finite element analysis of the two-stage forward and reverse redrawing process. Baillet et al. [7] used an explicit finite element method in the analysis of the aluminum can ironing process. Although the deep drawing process of high strength/low formability metals has an extensive industrial application area, deep drawing at room temperature has serious difficulties because of the large amount of deformations revealed and high flow stresses of the materials [5] . Thus, crumples, wrinkles and earrings will occur on the product surface because of the anisotropy of the materials. Elevated temperatures decrease the flow stresses and increase the formability of the materials and thus deformations become easier. The effective basic mechanism in pressing is plastic deformation. Because of this, deformation temperature has to be determined by taking this point into consideration. The needed temperature for steel sheets is quite high and this situation should be the reason for the low number of studies about this material [6] .
Chen et al. [8] investigated combined isothermal/nonisothermal finite element analysis (FEA) with design of experiments tools to predict appropriate warm forming temperature conditions for 5083-O (Al-Mg) sheet metal blanks, deep drawing and two-dimensional stamping cases. To achieve increased degrees of forming, different temperature levels should be assigned to the corner and body of the die and punch. 25-250% elongation ranges were seen. They found that the formability of Al-5083 alloy is greatly dependent on the temperature distribution of the die and punch. It is also observed that the optimal temperature distributions for warm deep drawing and warm two-dimensional stamping were not identical. In the present work, cylindrical deep drawing tests with reduced clearance (ironing) were performed on extra deep drawn (EDD) steel sheet of 2 mm thickness at various clearances between punch and die and at temperatures of 200-600 • C. Authors [9] [10] [11] [12] [13] in their earlier studies have carried out extensive studies in the warm forming of EDD steel. For this, low carbon material mechanical properties at various temperatures were investigated and using these properties the warm deep drawing process was simulated in explicit finite element code LS-DYNA. During extensive literature study on ironing it was found that in warm condition there is no work published so far and the present investigation was carried out to simulate the Ironing process in warm condition using Finite Element code LS-DYNA.
Experimentation
The test specimens of different diameters were prepared on a lathe. These blanks were heated to a required temperature of 200 • C, 400 • C, etc. by using induction heater which was specially designed to heat materials up to 700 • C. But at high temperatures there is a tendency for the die material to expand. So the material for the dies should be such that it does not excessively change its dimensions otherwise the design of dies will change. The tooling material also should not lose its strength at higher temperatures. So, for this purpose Inconel-600 material was chosen to make dies. Another induction coil was attached around the lower die to heat it at a predetermined temperature to avoid thermal shock. The temperatures were recorded by using pyrometer which is a noncontact temperature detecting instrument. Since there will be an increase in the coefficient of friction by increasing the temperature, which may rupture the blank in the initial stages of drawing, a high temperature lubricant 'Molycote' was applied on the interface between die and deformable blank and blank and blank holder. This lubricant becomes especially effective at higher temperatures. Tests were conducted on two sets of dies to provide different extent of ironing. For 10% and 25% reduction dies are shown in Figs. 1 and 2 . The photographs of some of these cups are shown in Fig. 3 . Most of these results were studied and analyzed by the authors in their earlier study [10] .
Finite element simulation
As discussed in the previous section, finite element method has been extensively used in forming operations to optimize various process variables in order to produce defect-free parts. Generally, in any operation large amount of time is consumed in trial and error method and there are high chances that the tools are to be redesigned whenever the desired products are not obtained. So, this trial and error method involves a lot of expenditure and loss of valuable time. To overcome this problem, process modeling by computer simulation called Finite Element Method (FEM) has been introduced which simulates the actual process and thus saves time and money. Many commercial codes are available for Finite Element Analysis in metal forming such as Dynaform, Abacus, Nike 2D, etc. The finite element analysis is done using a commercially available code Dynaform version 5.6.1 with LS-Dyna version 971 solver with coupled thermal analysis for deep drawing at elevated temperature. The code was developed for applications such as sheet metal forming, automobile crashworthiness, occupant safety and underwater explosions. It is a non-linear dynamic simulation package which can simulate different types of sheet metal processes including deep drawing, stretching, bending, hydro forming, stamping, etc. to predict stresses, strains, thickness distribution, etc. and the effect of various design parameters of tooling on final product can be studied. The input models like die, blank, blank holder and punch were constructed in pre-processor using LINE and SURFACE in the software. After the surface is generated, fine meshing is done on the surface of the tool components and on the blank and automatically the nodes are created. Fine meshing is done on the blank to obtain accurate results. The blank and the tool components were meshed using Belytschko-Tsay shell elements as it takes less computational time, around 30-50% less time than others. Material properties that are calculated at 25 • C and 200 • C on UTM machine which is coupled with the furnace are used to run the simulation. The properties of EDD steel that are found at these temperatures are shown in Table 1 . It can be seen from the table that material properties show some erratic behavior at 400 • C because blue brittle phenomenon appears in the material at this temperature [11] . Four node quadrilateral and triangular shell elements of thickness 2.0 mm were used for the blank and the tool components were treated as rigid bodies. Blank was discretized into 400 elements. Since it is the ironing process and there is severe plastic deformation over the wall, to increase the accuracy of FE computations, the number of integration points were increased in the thickness direction. LS-DYNA has Contact Algorithms such as kinematic constraint method, the penalty method and the distributed parameter method. The basic principle of the working of the kinematic constraint method and the distributed parameter method is that the slave nodes are constrained to slide on the master surface after the impact and remain on the master surface until a tensile force is developed between the node and the surface. Here the master is die and the slave is punch. The penalty method, however, uses a different principle to avoid penetration between the master and the slave elements. When the penetration is detected, the algorithm places fictitious interface springs in between the penetration and sends back the nodes to the contact surface. This takes place until the penetration ceases. In this method no external force is required and the energy is conserved. Barlat's yield criteria are chosen as material model in simulation both at room temperature and at 200 • C, because Barlat's criterion incorporates the effect of both normal and planar anisotropy in the yielding behavior of the material and it is observed in Table 1 that at both the temperatures the material is anisotropic.
The blank during deformation comes in contact with the die and punch and thus experiences frictional force. In deep drawing under warm conditions, as the temperature increases the friction increases, so by providing suitable lubrication the friction can be reduced to certain extent. It is reported by researchers [11] [12] [13] [14] [15] [16] [17] that explicit analysis can be accelerated by increasing the process speed, for instance, by increasing the punch speed in stamping or the pressurizing rate in a hydromechanical forming operation, which is called time scaling technique. In the present investigation simulations were performed by varying the punch speed by keeping the other parameters same. The blank holding force and blank diameter was taken similar as used in the experiments. Similar investigations were reported by Taylan [17] ; that to calculate the friction, tests should be conducted by taking into account the real production conditions in terms of ram speed and blank holding force. So the simulations in the present investigations were carried out under realistic conditions. The coefficient of friction under warm forming was calculated by authors in their previous research [14] by inverse finite element analysis. It was observed that at 200 • C using molycote lubricant, the coefficient of friction between blank and dies was 0.02 and at room temperature it was 0.09. Although the coefficient of friction value increases by increasing the temperature the effectiveness of lubricant used in the present deep drawing operation depends upon the temperature. Molycote is a very effective lubricant at elevated temperature. The maximum diameter that can be drawn safely under certain set of conditions is called limiting draw ratio (LDR) and it can be predicted in simulation by drawing formability limit diagram as shown in Fig. 4 . In the present study 10% and 25% reduction was given to the wall thickness by decreasing the clearance between punch and die. The forming limit in the simulation for these reductions at 200 • C is presented in Fig. 5 . It can be observed that all the strain data points are falling within the safe limit (upper line of the diagram). Higher is the reduction given to the material, strain data points starts appearing in the necking region of the formability limit diagram (points falling between the upper two lines of forming limit diagrams.
Results and discussions
The deformation over the cup wall (ironing) was carried out at elevated temperatures by dies made of Inconel-600. It was also discussed that the main objective of the study was to identify the extent of deformation that can be given to the material in single stage of drawing using finite element simulation. The load displacement graphs by drawing different sizes of cups are shown in Figs. 6-10. In the simulation the success of the deep drawing operation is represented by plotting forming limit diagram (FLD) as shown in Fig. 4 . Once the strain points fall beyond the fracture limit, it will be unsuccessful drawing. The notations of different lines on FLD are also presented in Fig. 4 . Fig. 5 represents the FLD for the material in conventional drawing at room temperature, 10% ironing at 200 • C and 25% ironing at 200 • C. It can be observed from these diagrams that in conventional deep drawing, strain points are primarily on the left side of the diagram at the time of necking (which is represented by the yellow strain points on FLD). But in the case of ironing most of the points are on the central portion of the FLD diagram. It means that lower minor strains as compared to major strains will be experienced by the material during deformation when the material is subjected to ironing process.
Figs. 6-10 show the load displacement graph for various clearances between punch and die, i.e. for different extent of ironing of the material. Flat horizontal portion in the load vs displacement curves shows the ironing or deformation of the material over the wall. It can be seen from these plots that as the blank diameter increases, there is an upward trend in the punch load (Fig. 7) . This is due to the power required to deform the material in the flange region is higher and also more area of wall is coming in contact with the dies during ironing [10] . For EDD material blue brittle region appears around 400 • C [11] and this is clearly identified in Figs. 6 and 7. Dynamic strain regime or blue brittle region refers to a discontinuous plastic flow that takes place as a result of periodic locking and unlocking of mobile dislocations by solute atmospheres. Due to appearance of this phenomenon, steels may fracture in a brittle mode [11] . This phenomenon is very much predominant in austenitic stainless steels and that is the reason these materials are very difficult to form in the temperature range in which dynamics strain regime appears [18] . It can be seen that at 400 • C load requirement is higher than at 200 • C and 600 • C. It is mainly because in this region the material becomes stronger. Upon comparing punch loads for the deformation of 60 mm diameter blank with different extent of ironing, it can be observed that at 25% reduction, although cups can be drawn safely, punch loads are higher due to large deformation of the material in the flange area. Figs. 11-22 present the graphs for thickness distribution in the drawn cup in the various stages of ironing at different temperatures, the thickness contours from the simulation and the maximum Von-Mises stresses in the drawn cup. As it can be observed from Fig. 11 almost similar trends were predicted in simulation as compared to the experimental findings. By increasing the temperature comparatively more uniform thickness is achieved in the drawn cups. This is primarily due to stress relieving and also to decrease in the mean flow stresses in the material. But in Fig. 12 , it can be seen that necking is more at 400 • C as compared to 200 • C, it is because the material at 400 • C becomes hard due to appearance of blue brittle phenomenon. This can also be seen from thickness contours in Figs. 15, 17 and 19 that at 400 • C contours of 1.68 mm spread all around the necking region but at lower temperatures necking do not appears on the entire periphery of the region. This is also validated by the Von-Mises contours shown in Figs. 16, 18 and 20. For 10% reduction at 200 • C around 297-502 MPa stresses are seen in the region of the entire cup, for the same amount of reduction but at higher diameter of cup (64 mm) stresses are in the range of 304-622 MPa. This is because as the diameter increases, more stresses are required to deform the material and hence the residual stresses in the drawn cup will also increases. At 400 • C the stresses are in the range of 283-856 MPa. This increase in the stress is primarily due to appearance of blue brittle phenomenon in the material at this temperature.
While giving more amount of reduction to the material (25%), tendency of necking increases (due to appearance of ironing load on the material) but thickness distribution is more uniform in the wall region. This is because excessive deformation of material is taking place in the wall region of the cup which makes the thickness uniform. This is also seen in the thickness contours that for most part of the cup, thickness is uniformly distributed. For the contours of Von-Mises stresses (Fig. 22) it is observed that residual stresses are much higher in the drawn cup (318-800 MPa) for 60 mm diameter blank. Stresses are much higher as compared to lesser clearance in the cup bottom and the punch corner region of the drawn cup.
So in the present study simulated results were compared to the experimental ones and it was found that the ironing process at elevated temperatures can be modeled in the explicit finite element code and there will be close approximation of the results.
Conclusions
A unique computational method of simulating ironing process was developed in the present investigation. Ironing was studied by increasing the number of integration points in the thickness direction. It was observed that the quality of cup (uniform thickness distribution) depends both on the temperature and percentage deformation that is given to the wall thickness. Although it is required in the manufacturing systems to decrease the number of stages and it is possible by increasing the temperature of blank. But there is a limit up to which deformation can be given to the material. Since in the warm forming the process parameters like temperature and extent of deformation interact in a very complex way, so this study was carried out using Finite Element tool LS-DYNA. It was observed that there was a very good correlation between experimentation and simulated results for different extent of ironing and at different temperatures.
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